Abstract-This paper presents a two-stage hierarchical voltage-load sensitivity matrix (VLSM)-based demand response (DR) algorithm for regulating the voltage at distribution feeders while fulfilling the transmission system DR requests. This allows distributed energy resources to be aggregated to provide transmission-level services without causing operational issues in the distribution grids. At the beginning of each operation interval, a transmission system controller will issue DR commands to distribution system controllers. In the first stage, the distribution system controller uses a VLSM-based dispatch algorithm to dispatch the available DR resources on the distribution feeder with an objective to minimize the total voltage deviations at the lowest cost. Then, power flow studies are conducted assuming that the DR commands have been executed. If voltage violations are detected, a second-stage VLSM-based DR dispatch is performed to remove those violations. After that, the upper and lower DR limits calculated for the next operation interval are sent back to the transmission system controller so the transmission optimization algorithm can use them as operational constraints to make subsequent decisions. The DR resources include smart photovoltaic (PV) inverters that can curtail real power and provide reactive power support, controllable loads and capacitor banks. The IEEE 123-bus test system with 5-min PV and load data is used to evaluate the performance of the algorithm. Simulation results show that the proposed algorithm can fulfill the transmission-level DR requests while maintaining the voltage in the distribution system within limits.
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Existing studies focus on resolving those voltage issues through revising settings for voltage regulation devices in the distribution system, including voltage regulators and capacitor banks, or relying on shunt devices in the transmission system [5] , [6] . However, only a few voltage regulation devices are installed on a distribution system, and their operation is limited by their locations. Devices such as capacitor banks and mechanically switched shunt devices do not have many levels of control. Also, the frequent switching of those devices will significantly reduce their lifespan.
An alternative approach to resolve the voltage problems caused by high PV generation is to vary loads. When PV generation is high, electricity consumption could be increased; when clouds are passing by, the consumption could be reduced [7] . In recent years, although demand response (DR) programs have been extensively investigated for providing grid services for peak shaving and load shifting [8] [9] [10] [11] , employing DR for voltage control has not yet been fully studied [12] , [13] .
Zakariazadeh et al. [14] proposed a DR approach applied in an automated distribution system for voltage control, but it only focuses on emergency events such as outages of generators and lines. Christakou et al. [15] proposed a method of aggregating small electric appliances to provide voltage regulation. However, only load was used as a DR resource; coordination among different resources such as load, PV, and capacitors was not considered. The concept of a sensitivity coefficient of voltage was used in [15] . However, the authors assumed that the coefficient could be calculated using the information obtained by state estimation and they calculated the coefficient every time step. But state estimation is difficult in the distribution system because of the lack of measurement units, and calculating the coefficient at every time step will increase computational load. Moreover, both papers focus only on the distribution system without considering the interaction between transmission and distribution (T&D) grids.
When a large amount of renewable generation resources (primarily PV) are connected to T&D grids, voltage regulation in both the distribution and transmission grid becomes increasingly critical. However, control mechanisms that allow coordination between the T&D grids have not yet been well researched [16] , [17] . Therefore, in this paper, we propose a hierarchical two-stage voltage-load sensitivity matrix (VLSM)-based DR strategy for regulating the voltage at distribution feeders while fulfilling the transmission system DR requests.
As shown in Fig. 1 , each distribution system is modeled as a bus in the transmission system. At the beginning of each operation interval, the controller at the transmission level will first perform an optimal power flow (OPF) algorithm to determine the optimal increase and decrease of the real and reactive power at different load buses to minimize loss, cost, or voltage deviations [18] , [19] . Then, the transmission-level controller will issue DR commands (i.e., the required real and reactive power increase or decrease) to each distribution system controller. The transmission-level control algorithms have been introduced in [18] and [19] . In this paper, we will introduce the distribution-level voltage control algorithm.
The control strategy for the distribution system consists of two stages. In the first stage, the distribution system controller uses a VLSM-based dispatch algorithm to dispatch the available DR resources on the distribution feeder with an objective to minimize voltage deviations and DR cost. Then voltage violations will be checked after implementing firststage DR results. A second-stage VLSM-based DR dispatch will be performed to remove any violations detected. After that, the DR capacity for the next operation interval is sent back to the transmission system controller as constraints of the transmission optimization algorithm for making subsequent operation decisions. In this paper, the focus is on elaborating the two-stage DR strategy for the distribution system.
The contributions of this paper are threefold. First, the problem formulation enables the co-optimization of DR operation between the T&D systems. This allows the transmission system voltage problem to be addressed by deploying resources in the distribution system without causing operational issues in the distribution system. Second, a VLSM-based DR resource dispatch strategy and price functions for different DR resources are developed. Third, coordination among different DR resources, including both customer-owned and utility-owned devices, is accounted for.
The rest of the paper is organized as follows. Section II introduces the VLSM and price functions. Section III presents the optimization strategy and control algorithm. Simulation results are discussed in Section IV. The conclusions and future work are summarized in Section V.
II. VLSM AND PRICE FUNCTIONS
The VLSM and price functions are introduced in this section.
A. Voltage-Load Sensitivity Matrix (VLSM)
VLSM P and VLSM Q are defined as the sensitivity matrices for real power and reactive power, respectively. The voltage change, δV i , at node i can be estimated by the real power change, δP j , and the reactive power change, δQ j , at all nodes (i.e., j = 1 . . . n) using the VLSM as follows.
i.e., 
δV(1) δV(2) ... δV(n)
From (2), (3) can be derived:
where p ij and q ij represent the real and reactive power sensitivity factors at bus i with respect to bus j. The sensitivity factors represent the voltage change expected at bus i when the real and reactive power at bus j are perturbed by one unit. Algorithm 1 describes the process of calculating VLSM P . The calculation of VLSM Q is a similar process, in which the perturbation is done to the reactive power instead of to the real power at each load node [20] .
To enhance the effectiveness of the VLSM, the average voltage changes are calculated by conducting a time-series power flow study (i.e., t = 1 . . . n T ) and perturbing P i and Q i at each time step. Then, the process is repeated for several δP and δQ. This process will allow us to obtain an average of VLSMs as the final VLSM so that the sensitivity matrix will reflect the voltage change at node i with respect to different δP and δQ at different P and Q.
The VLSM P calculation is summarized in Algorithm 1. The calculation of the VLSM of the IEEE-123 feeder takes less than one minute and the calculation of 400-500 node systems takes less than four minutes. Therefore, the proposed approach is scalable to larger systems. 
6: Repeat steps1-5 for nodes 2-n. 
10: End the VLSM P calculation.
B. Price Functions
The general market assumption here is as follows: It is assumed that a load aggregator will be responsible for controlling the load-side resources for providing DR services and will receive the command from the transmission-level controller for the DR requirements. The load aggregator will also maintain the voltage at each node in the distribution system within operation limits. By meeting the DR requirements, the aggregator will be paid. However, extra response (i.e., additional increase or decrease of load) will not be paid for. No payment will be made if the DR requirement is not fulfilled.
To prioritize different resources, price functions are proposed for them. The price for capacitors will be assumed to stay constant because they are one-time switched on or off with a constant amount of reactive power support. Also, they are manufactured with standardized capable switching times. The price of capacitors is set at a high level to avoid frequent switching. But the price of controllable load response and PV curtailment would vary as the required response and curtailment amount and conditions change.
For curtailing PV, the cost can be estimated as the cost of the same amount of power purchased from the grid. Because the efficiency of the inverter will decrease with larger curtailments at lower power output, the loss of energy caused by the efficiency reduction needs to be considered as well. Therefore, generally the price of PV curtailment will be higher when the curtailment amount is larger and when the curtailment happens at lower power outputs. The price of PV curtailment is assumed to be different at each node since each node has different conditions for the PV panel output.
For controllable load response, as the required response amount increases, the price of the response will generally decrease. Because as the response amount increases the number of houses needed for this response will be larger, the houses recruited in the response will be more diverse. More houses with larger response capacity will be recruited and the price per kW response would be lower. The price of controllable load response will be the same for each node if one feeder has one aggregator.
Based on the above analysis, the general price functions of PV and load are formulated in (4) and (5) accordingly. The parameters of the two price functions need to be determined based on specific market definitions such as the price of the voltage control service and the utility rate.
The price of PV curtailment is a function of the curtailed percentage, which is defined as x in (4). Because PV can only be curtailed, a plus sign is used between P PV (i) and P PV DR (i) because P PV DR (i) is negative. The correction constant θ here is a significantly small number that is used to guarantee that the price of PV curtailment will be considerably high when PV curtailment percentage is equal to 100%. The price of the controllable load response is a function of the total load response amount on the feeder. Because load can be either reduced or increased, and the absolute response amount needs to be counted, a squared value is used for convenience of solving the optimization problem.
According to the simulation using our developed house models [21] , [22] under the assumed market mechanism, the parameters used in this study for (4) and (5) are calculated as shown in Table I . The corresponding price curves are plotted in Fig. 2 (a) and (b) , respectively.
III. A TWO-STAGE DR CONTROL STRATEGY FOR DISTRIBUTION SYSTEM VOLTAGE REGULATION
In this section, we introduce the two-stage DR control strategy for distribution system voltage regulation. As shown in Fig. 3(a) , at the beginning of each five-minute control cycle, a transmission-level controller will calculate DR requirements (i.e., P Total DR and Q Total DR ) for each controllable bus in the transmission network. Then the distribution systems will perform the two-stage optimization control strategy after receiving the DR requirements. After the two-stage control is finished, the DR constraints will be calculated and sent back to the transmission system for the next control cycle. Because the focus of this paper is on the distribution-level DR control algorithm development, the process of calculating P Total DR and Q Total DR by the transmission controller is not discussed here. As shown in Fig. 3(b) , once the distribution-level controller receives P Total DR and Q Total DR , the first-stage DR control will be initiated. In this stage, the constraint on nodal voltage limits is relaxed for all load nodes on the feeder. After the first stage problem is solved, voltage at each node is checked for violations. If no voltage violation is detected, the control will be ended here; if voltage violations are detected, the second-stage control will be started to eliminate the voltage violations. Because we aim to fulfil the transmission requirements at our best efforts and voltage violations are rare events, ignoring nodal voltage upper and lower limits in the first-stage problem formulation could help achieve best accomplishment of the transmission requirement and allow the optimization problem to be solved quickly, making the algorithm computationally efficient.
A. First-Stage Control Scheme
In the first stage, the DR requirement from the transmission system controller is disaggregated to corresponding nodes such that the DR cost and the overall voltage deviation are minimized. It is assumed that 1) the real power requirement P Total DR will be fulfilled by curtailing PV or turning on/off the controllable loads; 2) the reactive power requirement Q Total DR will be fulfilled by smart inverters and capacitors; 3) the PV output can be curtailed but not increased, and the controllable load cannot provide reactive power response.
With these assumptions, the problem is formulated as
subject to 0 < 1 , 2 < 1 (15)
Because C 1 and V are not of the same order of magnitude, (C 1 is usually very large, but V is usually very small), a correction coefficient ξ needs to be applied to narrow the gap between C 1 and V so that the optimization can be emphasized equally for C 1 and V when the weight coefficients 1 and 2 are equal. Then, by adjusting 1 and 2 , one can adjust the weights between minimizing the total cost and minimizing the total voltage deviation. Note that to make the mixed-integer nonlinear programming problem solvable, the squares of the decision variables are used instead of the absolute values, while when calculating actual cost, the absolute values are used.
After solving (6)- (23), the optimal P PV DR , P Load DR , and Q PV DR for each node will be obtained, as well as the "on" and "off" status of the capacitor bank, s(i).
B. Second-Stage Control Scheme
The optimization objective for the second-stage control is to minimize the DR cost and the total DR amount while eliminating voltage violations in the distribution system. The second-stage optimization is triggered only when voltage violations are detected in power flow results after the DR requirements have been executed. Only controllable loads and smart inverters will be used for providing DR in the second stage. Capacitors will not be used in this stage because turning capacitors on/off creates a large voltage change along the distribution feeder, so they are not as flexible as the controllable loads and smart inverters.
The second-stage optimization problem is formulated as
(24)
Because the accomplish rate for the required transmission DR must be maintained as high as possible, the amount of DR to eliminate the voltage violations needs to be minimized. Therefore, 4 and 5 are set to be much larger than 3 .
As shown in (34)-(35), the voltage after second-stage control will be constrained in a defined range. The low and high limits of the range can be adjusted as needed. Usually the range will be [0.95, 1.05].
C. Generating Operational Constraints
After the second stage, electricity consumption and PV generation will be forecasted for the next operation interval. Then, the distribution system controller will calculate the real and reactive power increase and decrease limits, P limit DR | high , P limit DR | low , Q limit DR | high , and Q limit DR | low . Those limits will serve as operational constraints and will be sent back to the transmission-level controller for conducting transmission-level optimization. Currently, a persistence method is used in our study. More forecasting methods could be used and tested in follow-up study.
The real power constraints are calculated based on the available controllable load resources and the PV curtailment capability, as shown in (36) and (37).
where r P PV is the ratio of the PV real power available for curtailment, and x 1 , x 2 , . . . are the parameters of controllable appliances used for the appliance on/off probability estimation functions f up j (x 1 , x 2 , . . .) and f down j (x 1 , x 2 , . . .). For example, if the controllable appliances are air conditioners, x 1 , x 2 , . . . could be the outside temperature and the average air conditioner set point. When the outdoor temperature is high and the average set point is low, the air conditioners are more likely to be "on." Therefore, they are more likely to be available for providing load reduction, i.e., f down x 2 , . . .) . In this paper, f down j for air conditioners is formulated as a gamma distribution, as shown in (38). The probability density function is plotted in Fig. 4 . f up j is equal to 1 minus f down j , as shown in (39).
where
If some air conditioners have moved their set points up to provide the load reduction service in the current operational interval, the average T set will increase, so the x will be greater. Subsequently, f down j for the next operational interval will be lower, as shown in Fig. 3 .
The reactive power limits are calculated in (40) and (41). r Q PV is the fraction of the PV reactive power available for DR. The reactive power constraints are calculated based on a smart inverter operation equation [23] and the available capacitors.
D. Two-Stage Control Algorithm
As shown in Algorithm 2, a control algorithm for the two-stage optimization scheme is developed. After receiving the DR requirement from the transmission system controller, the first-stage optimization control will be performed; then the required response will be implemented at the feeder, and power flow will be performed. At this point, the voltage at each node will be checked to examine whether any node voltage violates the limitation.
If there any violation is detected, the second stage will be performed to eliminate the violations. Then the DR constraints for the transmission system at the next time step will be generated.
IV. TEST CASES
This section will discuss the case studies that have been done. Due to the space limit, three cases are analyzed here; more test cases for longer simulation time will be further discussed in our follow-up paper. The test case is performed on the IEEE 123-feeder system as shown in Fig. 5 (a) . The voltage level is 4.16 kV. There are 91 nodes, which are connected with loads. The peak load is 3227 kW/1625 kvar. Total load profile at the feeder head is shown in Fig. 5 (b) 50 kvar, and 50 kvar respectively, as shown by the red circles in Fig. 5(a) .
A. Case 1: First-Stage Control Case
In case 1, the performance of the first-stage algorithm is tested. The dispatch results for the DR resources at each of the 91 nodes in the distribution system to meet the transmissionlevel DR requests are shown in Fig. 6 . The DR requests are P Total DR = 200 kW P Total DR = 200 kW (the required real power increase) and Q Total DR = 1400 kvar Q Total DR = 1400 kvar (the required reactive power injection). At each node, the controllable loads are turned on to consume more energy while the PV is curtailed so that the distribution grid will consume more real power. To inject reactive power into the transmission grid, smart PV inverters in the distribution system will generate reactive power and feed them to the main grid. The voltage profiles before and after the DR at each node of the distribution feeder are plotted in Fig. 7 . In this figure, V old is the voltage before implementing the DR; V new-estimated is the estimated voltage calculated according to VLSM and DR optimization results; and V new-actual is the actual voltage after the DR deployment.
One of our contributions is to use one VLSM to calculate voltage for all cases (for example, in the time-series study, calculating every five minutes for a 24-hour period for 91 nodes means 26,208 cases). To eliminate the complex power flow calculation and reduce the time required to solve the optimization problem, we use power deviation times the VLSM to calculate voltage in the optimization formulation. Note that in the past, the result of the VLSM method is normally accurate if the load at each load node is close to the value at which the VLSM is derived. However, when performing the quasi-static power flow calculation, the load at each node will change at each time step (every five minutes in 24 hours). So, when using one VLSM matrix to calculate the voltage deviation from power deviation for a 24-hour period, we need to make sure the VLSM we calculated using the method presented in this paper will not cause large errors in all cases. The results in Table II showing that the estimated voltage is very close to the actual voltage.
In this case, 1 and 2 are both set at 0.5. The V is 0.017 p.u. and the total cost is $1589. If the weight coefficients are adjusted to 1 = 0.2 and 2 = 0.8, the results will be V = 0.014 p.u. and total cost = $1619 because the optimization places heavier emphasis on minimizing the voltage deviation.
B. Case 2: Second-Stage Control Case
In this case, we will demonstrate the performance of the second-stage algorithm for eliminating voltage violations. As shown in Figs. 8 and 9 , by providing reactive compensation using smart inverters, all voltage violations have been eliminated after the second-stage control strategy is implemented. The optimization objective in the second stage is to minimize the response cost and the response amount so that the accomplish rate (defined in (42) below) for the required transmission response can be maintained at a high level. The total real power response of this second-stage control case is 31.04 kW (increase), and the total reactive power response amount is 191.2582 kvar (absorption). The requirements from the transmission system are 400 kW (decrease) and 3000 kvar (generation), for real and reactive power, Table III shows that the calculation errors resulting from using VLSM instead of solving power flows are very small.
C. Case 3: Time-Series Study
A 24-hour time-series study has been done to test the control strategy. The control is performed every five minutes. The response requirements obtained from the transmission system are shown in Fig. 10 . The voltage profiles at two sample nodes before and after the control strategy is performed are shown in Figures 11 and 12 , respectively. It can be seen that the voltage profiles after DR are within the limits and do not have large fluctuations. The voltage dip in the morning is caused by a large reactive power absorption requirement of the transmission system.
Considering all the nodes in the 123-feeder system, the maximum and minimum voltage magnitudes during this day are shown in Table IV . It can be seen that they are all within the limitation. 288 control steps have been performed for 91 nodes, so there are 26208 cases, for which the error rate statistics is checked. The error rate statistics are shown in Table V ; it can (CASE 3) be observed that the error rate is very small: the maximum is 1%. This further demonstrates that using VLSM to substitute the power flow calculation are computationally efficient and the results are satisfactory.
V. CONCLUSION AND FUTURE WORK
A two-stage hierarchical control strategy for deploying DR on a distribution system was developed in this paper, with the control objective of implementing DR requirements from the transmission system while regulating the voltage profiles at the distribution system. This control strategy enables the co-optimization of DR operation between the T&D systems. A VLSM-based resource dispatch strategy was developed. The developed VLSM and the price functions for different DR resources have enabled us to consider the coordination among different DR resources, including both customer-owned and utility-owned devices.
The control strategy has been tested on the IEEE 123-feeder test system, and the results have demonstrated the effectiveness and capability of this control scheme. Our future work is to implement this developed control strategy on a realistic distribution system, which usually has more than 2000 nodes and more complex configuration than the 123-feeder system.
